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HIGGS BOSON PRECISION STUDIES AT A LINEAR COLLIDER ∗
Klaus Desch, University of Hamburg, Germany
Abstract
This report summarizes the progress in the study of
Higgs physics at a future linear electron positron collider
at center-of-mass energies up to about 1000 GeV and high
luminosity. After the publication of the TESLA Techni-
cal Design Report [1], an extended ECFA/DESY study on
linear collider physics and detectors was performed. The
paper summarizes the status of the studies with main em-
phasis on recent results obtained in the course of the work-
shop.
OBJECTIVES OF THE STUDY
Elucidating the mechanism responsible for electro-weak
symmetry breaking is one of the most important tasks of
future collider based particle physics. Experimental and
theoretical indications of a light Higgs boson make the pre-
cision study of the properties of Higgs bosons one of the
major physics motivations of a linear collider (LC). Both
the Higgs boson of the Standard Model (SM) and those of
extended models will be copiously produced in e+e− col-
lisions in various production mechanisms. A large variety
of different decay modes can be observed with low back-
grounds and high efficiency. These measurements allow us
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to extract the fundamental parameters of the Higgs sector
with high precision. The series of ECFA/DESY workshops
aims at a comprehensive study of the physics case, a deter-
mination of the achievable precisions on Higgs observables
as well as on a fruitful cross-talk between theory, physics
simulations and detector layout.
A future linear collider offers also the option of photon-
photon collisions from back-scattered laser light. The
physics potential and progress in Higgs physics at a photon
collider is discussed elsewhere in these proceedings [2].
STANDARD MODEL HIGGS BOSON
Theoretical Predictions
In e+e− collisions, the SM Higgs boson is predom-
inantly produced through the Higgs-strahlung process,
e+e− → H0Z [3] and through the vector boson fusion pro-
cesses e+e− → νeν¯e(e+e−)H0 [4]. The SM production
cross-sections are precisely known including full electro-
weak corrections at the one-loop level. For a recent review
of the theoretical calculations see e.g. [5]. Recently the full
one-loop corrections to the WW-fusion process have been
calculated [6, 7]. The radiatively corrected cross-sections
for Higgs-strahlung and WW-fusion are shown in Fig. 1.
For Higgs-strahlung the corrections are positive for small
Higgs masses and negative for large Higgs masses and are
of O(10%). For WW-fusion the corrections are of similar
size but always negative.
With the Higgs boson being responsible for mass gener-
ation its couplings to massive SM particles are proportional
to their masses: gffH = mf/v, gV V H = 2M2V /v. Thus
Higgs bosons decay preferentially into the heaviest kine-
matically possible final states. State-of-the-art branching
ratio calculations including electro-weak and QCD correc-
tions [8] are coded in the program HDECAY [9] for the
SM and its minimal supersymmetric extension, the MSSM.
Branching ratios of the neutral Higgs bosons in the MSSM
can be also calculated with program FeynHiggsDecay [10].
The SM Higgs branching ratios in the mass range relevant
to a LC are shown in Fig. 2.
Tools for Simulation
A variety of leading-order Monte Carlo generators exist
which are commonly used for Higgs studies in e+e− colli-
sions. They are PYTHIA [11], HERWIG [12], HZHA [13],
CompHep [14], and WHiZard [15]. CompHep and
WHiZard offer the possibility of generating the complete
2 → 4 and (in the case of WHiZard) also 2→ 6 processes
including their interference with SM backgrounds.
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Figure 1: Upper plots: cross-section for the processes
e+e− → ZH0 and e+e− → νeν¯eH0 including complete
one-loop electro-weak corrections for
√
s = 500 GeV.
Lower plots: Relative amount of one-loop corrections rel-
ative to Born level result (left) and relative to an improved
Born approximation (IBA) (from [7]).
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Figure 2: Branching ratios of the SM Higgs boson calcu-
lated with HDECAY [9].
Beamstrahlung was simulated in most analyses pre-
sented below using the parameterization CIRCE [16].
The vast majority of experimental analyses in this sum-
mary includes the simulation of complete SM backgrounds.
The effects of limited detector acceptance and resolution
have been incorporated using the parametric detector sim-
ulation program SIMDET [17] which is based on the de-
tector performance specified for the TESLA detector in the
TDR. A comparative study of different event generators
and of different fast detector simulation programs was car-
ried out in [18].
Most analyses which involve tagging of heavy quarks
use a realistic event-wise neural-net algorithm based on
ZVTOP [19] which was first used at the SLD detector.
A detailed simulation (BRAHMS [20]) of the TESLA
TDR detector based on GEANT3 along with a reconstruc-
tion program is available and can be used for comparative
studies.
Coupling to Z Bosons
The anchor of a model-independent precision analysis
of Higgs boson properties at a LC is the measurement
of the total cross-section for the Higgs-strahlung process,
e+e− → H0Z. Z bosons can be selected in Z → e+e−
and Z → µ+µ− decays. From energy-momentum conser-
vation the invariant mass recoiling against the Z candidate
can be calculated. Through a cut on the recoil mass, Higgs
bosons can be selected independent of their decay mode,
allowing for a model-independent measurement of the ef-
fective HZ coupling, gHZZ . Once gHZZ is known, all other
Higgs couplings can be determined absolutely. The total
Higgs-strahlung cross-section can be measured with an ac-
curacy of 2.5% for mH = 120GeV and
√
s = 350GeV for
500 fb−1 [21]. Assuming that the uncertainty scales with
the square root of the cross-section and that the selection
purity and efficiency is independent of the center-of-mass
energy, one can obtain an accuracy between 1.2 % and 10%
for 100 < mH < 360 GeV, for an integrated luminosity of√
s× fb−1/ GeV at a center-of-mass energy correspond-
ing to the maximum of the cross-section for a given Higgs
mass. The relative error is shown in Fig. 3 together with the
optimal center-of-mass energy as a function of the Higgs
mass.
The importance of a precise and model-independent de-
termination of gHZZ has e.g. recently been discussed in the
context of supersymmetric models [22] and in the context
of models with higher Higgs field representations, as well
as in the context of extra-dimensional models [23].
Quantum Numbers
The measurements of differential production cross-
sections and decay angular distributions provide access to
the discrete quantum numbers of the Higgs boson: JPC .
In the TDR, the measurement of the β-dependence of
the Higgs-strahlung cross-section close to the production
threshold was exploited to determine the spin of the Higgs
boson. The spin can also be determined from the invari-
ant mass of the off-shell Z boson in the decay H0 → ZZ∗
for mH < 2mZ. This method is independent of the Higgs
production process and thus potentially applicable also in
γγ and gg collisions. The invariant mass distribution for
mH = 150 GeV is shown in Fig. 4. For mH above 2mZ,
azimuthal correlations of the two Z boson decay planes can
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Figure 3: Achievable precision on the cross-section for
e+e− → H0Z as a function of the Higgs mass. An
integrated luminosity proportional to the center-of-mass
energy in fb−1/GeV at a center-of-mass energy corre-
sponding to the maximum of the cross-section is assumed.
The center-of-mass energy which yields the largest cross-
section is also shown (dashed line, right scale).
be exploited to gain sensitivity to Higgs boson spin and
CP [24, 25].
The CP quantum number, like the spin, can be deter-
mined from both Higgs boson production and decay [26].
In the TDR, the sensitivity of the angular distribution of
the Z recoiling against the H0 in Higgs-strahlung was ex-
ploited. Recently a method has been proposed which
makes use of the transverse spin correlation inH0 → τ+τ−
decays. The spin correlations between the two τ leptons is
probed through angular correlations of their decay prod-
ucts. In particular, events from τ± → ρ±ντ → π±π0ντ
and from τ± → a±1 ντ → ρ0π±ντ → π±π∓π±ντ can
be used. The angle between the decay planes of the two
ρ mesons from either τ decay provides a suitable observ-
able [27, 28]. While this angle can be determined in the
laboratory frame, ideally it is evaluated in the Higgs bo-
son rest frame, which can be approximately reconstructed
using τ lifetime information [29]. Preliminary results in-
cluding detector simulation have shown that from a sample
of 1 ab−1 of Higgs-strahlung events at
√
s = 350 GeV,
a statistical separation between a CP-even and a CP-odd
Higgs boson of eight standard deviations may be achieved
assuming production cross section and branching ratio as
for H0SM (see Fig. 5, note that background is not yet taken
into account) [30].
Decay Branching Ratios
The precise measurement of Higgs boson decay branch-
ing ratios is one of the key tasks in LC Higgs physics. In
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Figure 4: Distribution of the of the invariant mass of the
decay products of the off-shell Z∗ boson in H0 → ZZ∗
decays for the SM Higgs and for examples of spin-1 and
spin-2 bosons for mH = 150 GeV (from [25]).
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planes from H0/A0 → τ+τ− decays (from [30]).
the TESLA TDR as well as in all other regional LC stud-
ies [31, 32] analyses have been performed to investigate
the expected precisions on the branching ratio determina-
tion. For a light Higgs boson with mH < 160 GeV, a
large variety of Higgs decay modes can be measured. The
hadronic decays into bb¯, cc¯, and gg are disentangled via
the excellent capabilities of a LC vertex detector. Progress
has been achieved recently in the level of detail at which
the algorithms to tag b- and c-quarks are implemented into
the simulation. Although these studies are not finished, it
looks conceivable that the results of the TDR study will
essentially be confirmed [33].
There are two different methods to extract branching ra-
tios from the observed events:
1. Measure the topological cross-section for a given fi-
nal state, e.g. σ(H0Z → XZ) and divide by the total
measured Higgs–strahlung cross-section (as obtained
from the recoil mass measurement) [34].
2. Select a sample of unbiased H0Z events (events in the
recoil mass peak) and determine the fraction of events
corresponding to a given H0 → X decay within this
sample.
The latter method was first applied to Higgs branch-
ing ratio studies in [35]. Since in this approach bino-
mial (or in principle multi-nomial) statistics can be applied,
smaller errors of the branching ratios can be inferred for
the same number of events than from a rate measurement.
Although only relying on events with Z → ℓ+ℓ−, the lat-
ter method yields errors very similar to those of the TDR
method [34]. The achievable precision for the both meth-
ods for a SM Higgs boson of 120 GeV from a sample of
500 fb−1 is shown in Table 1. A possible combination of
both methods is currently being investigated. While for the
hadronic Higgs decays, there is a sizable overlap, for the
H0 → W+W− decay a significant improvement may be
expected from combination.
Besides the decays into bb¯, cc¯, gg, τ+τ−,W+W−,
Z0Z0, and γγ further decay modes have been studied. The
very rare decay H0 → µ+µ− might be detectable in WW-
fusion events at
√
s = 800 GeV for mH = 120 GeV. A
measurement of the muon Yukawa coupling with approxi-
mately 15% relative accuracy may be obtained from a sam-
ple of 1 ab−1. Here, the logarithmic rise of the signal
cross-section with
√
s is of advantage. A precision mea-
surement of the H0 → µ+µ− branching ratio however can
only be performed at even higher luminosity or at higher
energy [36]. The expected signal is shown in Fig. 6.
Another rare Higgs boson decay is the loop-induced
H0 → Zγ decay. This decay has been studied in the
WW → H0 → qq¯γ final state for a sample of 1ab−1
at 500 GeV for 120 GeV < mH < 160 GeV. Around the
expected maximum of the branching ratio for a SM Higgs
boson (140 GeV), a relative error of 27% can be expected
while for lower (120 GeV) and higher (160 GeV) Higgs
masses only upper limits at 70-80% of the SM branching
ratio can be expected to be set [37]. The expected signal is
shown in Fig. 7 together with the background.
Invisible Higgs Decays
In the TDR it was pointed out that the decay independent
recoil mass technique allows us to extract a possible invis-
ible decay width of the Higgs boson by comparing the rate
of events in the recoil mass peak with the rate for all visi-
ble decays. This indirect technique is now complemented
by a study which explicitly asks for missing energy and
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Figure 6: Expected mass spectrum for the decay H0 →
µ+µ− from a sample of 1ab−1 at
√
s = 800GeV formH =
120 GeV (from [36]).
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Figure 7: Expected mass spectrum for the decay H0 → Zγ
from a sample of 1 ab−1 at
√
s = 500 GeV for mH = 120
GeV (from [37]).
momentum compatible with an invisible Higgs decay. At√
s = 350 GeV, the achievable precision on the invisible
branching ratio is shown to be significantly higher than in
the indirect approach, yielding e.g. a relative precision of
∼ 10% for a branching ratio of 5% and a 5σ observation
down to a branching ratio of 1.5-2.0% with 500 fb−1 at√
s = 350 GeV and Higgs masses between 120 and 160
GeV [38] (see Fig. 8).
Heavier SM Higgs Boson
Above a Higgs mass of approximately 2 mW, the phe-
nomenology of the SM Higgs changes quite drastically.
First, the bosonic decays into W+W− and ZZ rapidly be-
come dominant, leaving only very little room for Yukawa
couplings to be probed directly. Second, the total decay
width increases rapidly with mass, exceeding 1 GeV for
mH > 190 GeV.
In order to assess the question up to which Higgs mass a
Table 1: Summary of expected precisions on Higgs boson branching ratios from existing studies within the ECFA/DESY
workshops. (a) for 500 fb−1 at 350 GeV; (b) for 500 fb−1 at 500 GeV; (c) for 1 ab−1 at 500 GeV; (d) for 1 ab−1 at 800
GeV; (e) as for (a), but method described in [35] (see text).
Mass(GeV) 120 140 160 180 200 220 240 280 320
Decay Relative Precision (%)
bb¯ 2.4 (a) / 1.9 (e) 2.6 (a) 6.5 (a) 12.0 (d) 17.0 (d) 28.0 (d)
cc¯ 8.3 (a) / 8.1 (e) 19.0 (a)
ττ 5.0 (a) / 7.1 (e) 8.0 (a)
µµ 30. (d)
gg 5.5 (a) /4.8 (e) 14.0 (a)
WW 5.1 (a) / 3.6 (e) 2.5 (a) 2.1 (a) 3.5 (b) 5.0 (b) 7.7 (b) 8.6 (b)
ZZ 16.9 (a) 9.9 (b) 10.8 (b) 16.2 (b) 17.3 (b)
γγ 23.0 (b) / 35.0 (e)
Zγ 27.0 (c)
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Figure 8: Accuracy on the branching ratio H0 →
invisible, as a function of BR(H0 → invisible) for three
Higgs masses using 500 fb−1 at 350 GeV (full line). The
dashed and dotted lines indicate the contributions from the
measurement of the invisible rate and from the total Higgs-
strahlung cross section measurement, respectively. The
large dots are the result of the indirect method, presented
in the TDR (from [38]).
direct Yukawa coupling measurement would still be possi-
ble, a study was performed which aims at selecting H0 →
bb¯ as a rare Higgs decay [39]. Like in the case of H0 →
µ+µ−, the large number of Higgs bosons produced in the
WW-fusion channel at high energy is favorable in compar-
ison to using the Higgs-strahlung process at lower ener-
gies. For 1ab−1 of data at
√
s = 800 GeV, a 5σ sen-
sitivity to the bottom Yukawa coupling is achievable for
mH < 210 GeV. A measurement of the branching ratio
BR(H0 → bb¯) is possible with (12,17,28) % accuracy for
mH = (180,200,220) GeV.
The second question about heavier Higgs bosons is,
whether the Higgs line-shape parameters (mass, decay
width, Higgs-strahlung production cross section) can be
measured. A complete study of the mass range 200 GeV
< mH <320 GeV has been performed [40]. The final
state qq¯qq¯ℓ+ℓ− resulting from H0Z → ZZZ and from
H0Z→W+W−Z is selected. A kinematic fit is used to as-
sign the possible di-jet combinations to bosons (W+W− or
ZZ). The resulting di-boson mass spectrum can be fitted by
a Breit-Wigner distribution convoluted with a detector res-
olution function. A relative uncertainty on the Higgs mass
of 0.11 – 0.36 % is achievable from 500 fb−1 at 500 GeV
for masses between 200 and 320 GeV. The resolution on
the total width varies between 22 and 34% for the same
mass range. Finally, the total Higgs-strahlung cross-section
can be measured with 3.5 – 6.3% precision. Under the as-
sumption that only H0 → W+W− and H0 → ZZ decays
are relevant, their branching ratios can be extracted with
3.5–8.6% and 9.9–17.3%, respectively (see Table 2). The
expected mass spectra for mH = 200 GeV and mH = 320
GeV are shown in Fig. 9.
Table 2: Expected precision on Higgs boson line-shape
parameters for 200 < mH < 320 GeV at a LC with√
s = 500 GeV.
mH (GeV) ∆σ (%) ∆mH (%) ∆ΓH (%)
200 3.6 0.11 34
240 3.8 0.17 27
280 4.4 0.24 23
320 6.3 0.36 26
Top Yukawa Coupling
For mH < 2mt, the top quark Yukawa coupling is not
directly accessible from Higgs decays. The only relevant
tree level process to access the top quark Yukawa cou-
pling is the process e+e− → H0 t¯t [41]. Due to the large
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Figure 9: Expected reconstructed Higgs boson mass spec-
tra for mH = 200 GeV and mH = 320 GeV from 500 fb−1
at 500 GeV (from [40]).
masses of the final state particles, the process only has a
significant cross-section at center-of-mass energies signifi-
cantly beyond 500 GeV. Higher order QCD corrections to
the process have been calculated and are significant [42].
Recently, also the full O(α) electro-weak corrections be-
came available [43]. Experimental studies have been per-
formed formH < 130GeV in the TDR [44] and in the NLC
study [45]. Recently a completely new study has been per-
formed with refined b-tagging simulation as well as for an
extended mass range of up to mH = 200 GeV, exploiting
also the H0 → W+W− decay [46]. For the H0 → bb¯
case, both the t¯t → bb¯qq¯ℓ−ν¯ and the t¯t→ bb¯qq¯qq¯ chan-
nels have been analyzed. For the H0 → W+W− case, the
2-like-sign lepton plus 6-jet and the single lepton plus 8-jet
final states were studied. The events were selected by neu-
ral networks. The generic 6-fermion background is fully
taken into account. The expected uncertainties on the top
Yukawa coupling for 1ab−1 at 800 GeV range from 6–14%
for 120 < mH < 200 GeV and are shown in Fig. 10.
Higgs Potential
The observation of a non-zero self-coupling of the Higgs
boson is the ultimate proof of spontaneous symmetry
breaking being responsible for mass generation of the SM
bosons and fermions since it probes the shape of the Higgs
potential and thus the presence of a vacuum expectation
value. Higgs boson self-coupling in general leads to triple
and quartic Higgs boson couplings out of which only the
former is accessible. For 500 GeV center-of-mass energy,
the double Higgs-strahlung process, e+e− → H0H0Z is
most promising for observation, the small cross-section of
0.1 - 0.2 fb however demands the highest possible luminos-
ity and calls for ultimate jet energy resolution since only if
the most frequent six jet final state bb¯bb¯qq¯ can be recon-
structed, the signal rate becomes significant. The cross-
section has been calculated in [47] and radiative correc-
tions became known recently [48]. In the TDR, an exper-
imental analysis for mH = 120 GeV was presented [49]
which concluded that with 1ab−1 of data at 500 GeV, a
precision of 17 - 23 % for 120 < mH < 140 GeV on
the e+e− → H0H0Z cross-section can be achieved. Re-
cently, the potential of the WW-fusion channel for higher
Higgs boson masses at higher energies was discussed and
compared to the possibilities at the LHC in [50]. Further-
more, it was discussed how the existing analyses might be
improved by exploiting kinematic differences between the
signal diagram and diagrams which lead to the same final
state without involving the triple Higgs coupling (dilution
diagrams), namely the sequential radiation of two Higgs
bosons from one Z boson and the diagram which involves
the quartic ZZHH coupling [51]. In particular, the invari-
ant mass of the hadronic system which is formed by the
two Higgs boson decay products is sensitive to the differ-
ent contributions to the HHZ final state. Its distribution is
shown in Fig. 11. A reduction of the uncertainty on the
trilinear coupling from 0.23 to 0.20 can be obtained.
MINIMAL SUPERSYMMETRIC HIGGS
SECTOR
Theoretical Predictions
The Higgs sector of the Minimal Supersymmetric Stan-
dard Model (MSSM) comprises two complex scalar field
doublets which acquire vacuum expectation values v1 and
v2. After electro-weak symmetry breaking, two charged
Higgs bosons (H±) and three neutral Higgs bosons emerge,
two of which are CP-even (h0,H0) and one is CP-odd (A0),
if CP is conserved. In contrast to the SM, the Higgs masses
are predicted in terms of the fundamental parameters of the
MSSM. At tree level, the mass spectrum is determined by
tanβ = v2/v1 and mA and the mass of the h0 has to ful-
fill mh < mZ. Higher order corrections, predominantly
from loops involving third generation fermions and their
supersymmetric partners, have large influence. In particu-
lar, mh can be as large as 135 GeV [52]. A compilation of
more recent higher order corrections can be found in [53].
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Figure 10: Expected relative precision on the top Yukawa coupling for 120 < mH < 200GeV from 1 ab−1 at 800 GeV for
various final states and for two different assumptions of the systematic uncertainty on the background (BG) normalization
(from [46]).
The value of mh as a function of tanβ is shown for two
different cases of scalar-top mixing (no-mixing and mmax
h
scenarios of [56]) in Fig. 12. The complete 1-loop and
dominant 2-loop SUSY corrections to the production cross-
sections for e+e− → h0Z [54, 55] and the 1-loop correc-
tions from stop-sbottom loops for e+e− → νeν¯eh0 [57, 58]
are calculated.
The MSSM Higgs sector exhibits a so-called decoupling
limit as mA becomes large, in which the h0 approaches
the properties of the SM Higgs boson [59] This limit is
approached relatively fast for mA > 200 GeV in a large
portion of the MSSM parameter space. However, also sce-
narios far away from decoupling (e.g. the intense coupling
scenario [60]) is experimentally not excluded and theoreti-
cally possible. In such a scenario, all Higgs bosons are ac-
cessible already at 500 GeV and a rich phenomenology is
waiting to be disentangled. The closer the MSSM scenario
moves towards the decoupling limit the more difficult it be-
comes to distinguish the Higgs sector from the SM. There-
fore most analyses focus on a close-to-decoupling scenario.
In this case, the analyses for a light SM Higgs apply also
for h0. It is the task of the LC to employ the precise mea-
surements of the properties of this lightest Higgs boson to
distinguish it from a SM Higgs and draw conclusions on
the supersymmetric parameters.
Study of Heavy Neutral SUSY Higgs Bosons
If cos2 (β − α) is small1, the heavy neutral MSSM
Higgs bosons are predominantly produced through the pro-
cess, e+e− → H0A0. With the mass splitting between
H0 and A0 being small for a large part of the parameter
space, the mass reach of the LC for H0 and A0 is ap-
proximately
√
s/2. In this case, the coupling of the H0
to gauge bosons is small, therefore the dominant decays
of both H0 and A0 are bb¯ and τ+τ−. During the work-
shop, a new experimental study was started to fully deter-
mine the sensitivity of the LC to the heavy MSSM Higgs
bosons through the pair production process [62]. For the
first time, both the bb¯bb¯ and bb¯τ+τ− final states are an-
alyzed including detector simulation and complete stan-
dard model backgrounds. Preliminary results at 500 GeV
and 800 GeV center-of-mass energy were obtained. The
following assumptions are made: 500 fb−1 at 500 GeV
and at 800 GeV, cos2 (β − α) = 0, BR(H0 → bb¯) =
90%, BR(H0 → τ+τ−) = 10%. Mass reconstruction is
performed using a kinematic fit which imposes energy-
momentum conservation. Therefore a good mass recon-
struction is achieved both in the bb¯bb¯ and bb¯τ+τ− final
states, see Fig. 13 and 14. The achievable precisions on
masses and topological cross-sections are listed in Table 3
for various choices of mH and mA.
1
α is the mixing angle in the CP-even neutral Higgs sector
Table 3: Expected precision on the properties of heavy MSSM Higgs bosons from 500 fb−1 at 500 GeV (a) and 800 GeV
(b), respectively (from [62]).
mA mH precision on
(mA +mH) (|mA −mH|) σ(bb¯bb¯) σ(bb¯τ+τ−)/σ(τ+τ−bb¯)
(GeV) (GeV) (GeV) (GeV) (%) (%)
(a) 140 150 0.2 0.2 1.5 7.2/6.3
(a) 150 200 0.3 0.4 2.3 9.7/8.7
(a) 200 200 0.4 0.4 2.7 8.1
(a) 200 250 0.4 1.2 6.5 -
(b) 250 300 0.5 0.7 3.0 13.8/11.9
(b) 300 300 0.6 0.7 3.5 10.0
(b) 300 400 1.9 2.8 7.0 -
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Figure 11: Distribution of the H0H0 invariant mass in
e+e− → H0H0Z events for mH = 120 GeV (1 ab−1 at
800 GeV). The histograms are for predictions of the trilin-
ear Higgs coupling ranging from 1.25 to 0.5 (top to bottom)
times the SM coupling. (from [51]).
Since at the tree level and in the decoupling limit the
heavy neutral MSSM Higgs bosons decouple from the
Z, the mass reach for their discovery at a LC is limited
to approximately
√
s/2 from the pair production process.
It has been investigated during the workshop, how sin-
gle production mechanisms could extend the mass reach
of an e+e− LC. In particular, the WW-fusion process
e+e− → νeν¯eH0 has been investigated [57]. Its tree level
cross-section is proportional to cos(β − α). Depending
on the SUSY parameters, radiative corrections might in-
crease the cross-section for e+e− → νeν¯eH0, possibly
allowing discovery beyond the pair production kinematic
limit for certain choices of the MSSM parameters. Using
left-polarized electron beams and right-polarized positron
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Figure 12: Largest mass of the light CP even Higgs boson
of the MSSM as a function of tanβ for two scenarios of
scalar-top mixing (no-mixing andmmaxh scenarios of [56]).
The bands indicate the effect of varying the top quark mass
by 1 standard deviation of its current error.
beams the cross-section can further be enhanced. A partic-
ular scenario where this is the case has been chosen in [57]
(MSUSY = 350 GeV, µ = 1000 GeV, M2 = 200 GeV and
large stop mixing). Cross-section contours for this scenario
are shown in Fig. 15.
Charged Higgs Bosons
Charged Higgs bosons can be pair-produced at the LC
via e+e− → H+H− if mH± <
√
s/2. A complete sim-
ulation of this process for the decay H+ → tb¯ has been
performed for
√
s = 800 GeV, 1 ab−1, and mH± = 300
GeV [63]. The expected signal and background are shown
in Fig. 16. The mass resolution is approximately 1.5%. A
5σ discovery will be possible for mH± < 350 GeV.
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Figure 13: Simulated signals and background of the pro-
cess e+e− → H0A0 → bb¯bb¯. Top: reconstructed sum
of the two Higgs candidate masses. Bottom: reconstructed
difference of the two Higgs boson candidate masses. The
study was performed at 500 GeV center-of-mass energy
and for 500fb−1. BR(H0 → bb¯) = BR(A0 → bb¯) = 0.9
was assumed (from [62]).
Since in pair production the mass reach for charged
Higgs bosons is limited to
√
s/2, also the rare processes of
single charged Higgs production may be considered. The
dominant processes for single charged Higgs production
are e+e− → bt¯H+, e+e− → τ−ν¯τH+, and e+e− →
W−H+. Their cross-sections have been calculated at lead-
ing order in [64]. QCD corrections to e+e− → bt¯H+ have
recently become available [65] and are sizable. In general,
parameter regions for which the production cross-section
exceeds 0.1 fb are rather small for charged Higgs masses
beyond the pair production threshold. Cross-section con-
tours for
√
s = 500 GeV and 800 GeV are shown in
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Figure 14: Simulated signal and background of the pro-
cess e+e− → H0A0 → bb¯τ+τ−(τ+τ−bb¯) for mA = 140
GeV and mH = 150 GeV at 500 GeV center-of-mass en-
ergy (500fb−1). Top: reconstructed ττ invariant mass from
a kinematic fit. Bottom: reconstructed bb¯ invariant mass
from a kinematic fit. BR(H0 → τ+τ−) = BR(A0 →
τ+τ−) = 0.1 was assumed (from [62]).
Fig. 17.
Constraints on SUSY Parameters
At tree level, the MSSM Higgs sector only depends on
tanβ and mA. Thus, if mA would be measured, tanβ
could in principle be uniquely determined from the ob-
served Higgs properties. In particular, the coupling of A0
to down-type fermions is directly proportional to tanβ.
Therefore this coupling which appears in the rate of the
e+e− → bb¯A0 and e+e− → A0H0 → bb¯bb¯ processes, as
well as in the total decay width ΓA can be used to extract
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Figure 15: Cross-section contours for e+e− → H0νν¯ for
a particular MSSM scenario (see text) in the mA − tanβ-
plane for
√
s = 1 TeV. The different shadings correspond
to: white: σ ≤ 0.01fb, light shaded: 0.01fb ≤ σ ≤ 0.02fb,
dark shaded: 0.02fb ≤ σ ≤ 0.05fb, black: σ ≥ 0.05fb
(from [57]). The left figure is for unpolarized beams, the
right figure for an electron (positron) polarization of 0.8
(0.6).
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Figure 16: Simulated signal and background of the process
e+e− → H+H− → tb¯t¯b for mH± = 300 GeV at 800 GeV
center-of-mass energy (1ab−1) (from [63]).
tanβ in principle. This has been studied in [67]. Due to the
large radiative corrections the predictions for the observ-
ables also depend on other SUSY parameters (in particular
the sfermion masses and mixings) which are fixed in this
analysis. Therefore the resulting errors (see 18) are only
valid if all other SUSY parameters, were precisely known.
A different approach to tanβ determination has been
proposed in [68]. In a scenario where all SUSY particles
are light compared to the center-of-mass energy, the depen-
dence of the cross-section for charged Higgs production on√
s in the 1 TeV domain can be compared to the logarith-
mic Sudakov expansion of the cross-section. In particular,
it has been shown, that the first coefficient of the expansion
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Figure 17: Cross-section contours for the processes
e+e− → bt¯H+(blue/dark), e+e− → τ−ν¯τH+
(green/light grey), and e+e− → W−H+ (red/medium
grey) at √s = 500 GeV (upper) and at 800 GeV (lower).
(from [66]).
depends only on tanβ.
A complete study of SUSY parameter determination in
the full MSSM is only possible when studies of the Higgs
sector are combined with information on sparticle produc-
tion. Within more constrained SUSY models which assume
specific SUSY breaking schemes Higgs observables alone
can lead to significant constraints [69]. As an example, the
NUHM (non-universal Higgs mass) model has been con-
sidered in [70]. The NUHM model assumes unification of
sfermion masses and mixing terms as well as unification
of gaugino mass terms at a high scale. However, in con-
Figure 18: Sensitivity of the e+e− → H0A0 → bb¯bb¯
and e+e− → bb¯A0/H0 cross-sections and the total decay
widths ΓH/A on tanβ. Assumed measurement errors are
for 2 ab−1 at 500 GeV without detector simulation (ex-
cept for e+e− → bb¯A0/H0). mA = mH = mH± =
200 GeV and all SUSY parameters except tanβ are fixed
(from [67]).
trast to the mSUGRA (minimal supergravity) model, both
µ and mA are free parameters. In Fig. 19, the deviation of
branching ratios of the lightest Higgs boson from the SM
is shown for the NUHM scenario as a function of mA. The
deviation is plotted in terms of standard deviations of the
prospective measurement error at the LC as described in
the TDR. It can be seen that in particular h0 → bb¯ and
h0 → W+W− provide good sensitivity to mA while the
dependence on µ is only weak. As a caveat, the values of
tanβ as well as the other model parameters are fixed in
this study and thus have to be allowed to vary freely in the
study or assumed to be known from elsewhere in order to
translate the plotted deviations into expected errors on the
parameter measurements.
Another study utilizes the ratio R = BR(h0 →
bb¯)/BR(h0 → τ+τ−) [71]. At tree level, in the MSSM,
this ratio is constant since both b quarks and τ lep-
tons are down-type fermions, coupling proportionally to
sinα/ cosβ to the h0. A precise measurement of this ratio
is therefore sensitive to the difference of the radiative cor-
rections to these two decays. In particular at large tanβ
these corrections become relevant, allowing to gain sensi-
tivity to the value of tanβ itself if all other SUSY param-
eters are fixed. The ratio of RMSSM/RSM as a function of
tanβ is shown in Fig. 20.
CP violation in the SUSY Higgs Sector
In the MSSM the Higgs potential is invariant under the
CP transformation at tree level. However, it is possible to
break CP symmetry in the Higgs sector by radiative cor-
rections, especially by contributions from third generation
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Figure 19: Deviation of decay branching ratios of the light-
est CP even Higgs in the constrained MSSM with non-
universal Higgs mass (NUHM) (for tanβ = 10, A0 =
0,m1/2 = 300 GeV and m0 = 0) from their SM val-
ues in terms of standard deviations of the prospective mea-
surement error at the LC as a function of tanβ. The de-
pendence on µ is weak (from [70]). The errors are taken
from [1].
scalar-quarks [72, 73, 74]. Such a scenario is theoretically
attractive since it provides a possible solution to the cos-
mic baryon asymmetry [75]. In a CP violating scenario the
three neutral Higgs bosons, H1, H2, H3, are mixtures of the
CP even and CP odd Higgs fields. Consequently, they all
couple to the Z boson and to each other. These couplings
may be very different from those of the CP conserving case.
In the CP violating scenario the Higgs-strahlung processes
e+e− → HiZ (i = 1, 2, 3) and pair production processes
e+e− → HiHj (i 6= j) may all occur, with widely varying
cross-sections.
In a case study, for mH± = 200 GeV and tanβ = 3, the
sensitivity of the observable Higgs masses mH1 , mH2 and
of the observed cross-section for e+e− → H1H2 → bb¯bb¯
to the real and imaginary part of the trilinear coupling At
has been analyzed. Under the assumption that the other
SUSY parameters are known, the complex phase ofAt may
be extracted from these observables [62]. Clearly, further
studies are needed in order to extract CP-violating SUSY
parameters from the Higgs sector.
EXTENDED MODELS
Genuine Dimension-Six Higgs Operators
If a light Higgs boson is discovered at the LHC but no
additional particles are seen at the LHC or the LC, it is im-
portant to search for small deviations of the Higgs boson
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Figure 20: Deviation of the ratio R = BR(h0 →
bb¯)/BR(h0 → τ+τ−) as a function ofmA (top) and tanβ
(bottom). (from [71]. The inner band represents the ex-
pected measurement error taken from [1].
potential from the SM predictions to probe new physics
scales. If the reason for such small deviations is beyond-
SM physics at large scales Λ, the effective operator ap-
proach can be chosen to parameterize the low-energy be-
havior of such models. Recently, operators of dimen-
sion six have been studied, which involve only the Higgs
field and which are not severely constrained by precision
electro-weak data [76]. These operators are
O1 = 1
2
∂µ(Φ
†Φ)∂µ(Φ†Φ) and O2 = −1
3
(Φ†Φ)3, (1)
which lead to a Lagrangian
L′ =
2∑
i
ai
v2
Oi. (2)
In [76], it has been shown that the parameter a1 can be
measured to an accuracy of 0.005(0.003) corresponding to
a scale Λ ≈ 4 TeV, from 1 ab−1 of data at 500 (800) GeV
through the measurement of the production cross-sections
from Higgs-strahlung and WW/ZZ-fusion for mH = 120
GeV. The parameter a2 modifies the form of the Higgs po-
tential and thus the Higgs pair production cross-section.
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Figure 21: Plane of the real and imaginary part of the
trilinear coupling At in a CP violating MSSM scenario.
In the black region, the Higgs pair production process
e+e− → H1H2 is observable at
√
s = 500 GeV with 500
fb−1. The chosen model point is (750,800) GeV for the
(real,imaginary) part of At. The dark grey band is the re-
gion which is consistent with the measured lightest Higgs
mass, the medium grey region is consistent with the mea-
sured e+e− → H1H2 → bb¯bb¯ rate. The real and imagi-
nary part of At can thus be constrained to the overlapping
region. Parameters are mH± = 200 GeV and tanβ = 3
(from [62]).
With the same integrated luminosity, for mH = 120 GeV,
a2 can be measured to 0.13(0.07) at 500 (800) GeV corre-
sponding to a scale Λ ≈ 1 TeV.
Two Higgs Doublet Models
The prospects for the exploration of general Two Higgs
Doublet Models (2HDM) at a LC have been discussed
e.g. in [1]. During the workshop, a 2HDM scenario has
been discussed in which the lightest CP-even Higgs boson
has absolute values of the tree level couplings to fermions
and massive gauge bosons exactly as in the SM and the
other Higgs bosons are heavy (O(TeV)) [77]. Within the
2HDM such a scenario can be realized differently from the
SM in two ways: (A) the tree level couplings have the
same sign as in the SM or (B) either up-type or down-type
fermions have opposite sign couplings as in the SM. The
only possibility to distinguish such a scenario from the SM
is through loop-induced processes, in particular through the
loop-induced γγh0 and ggh0 couplings. Depending on mh
the effect can be large enough to be distinguishable from
the SM at the LC (and LHC) from Higgs branching ratio
measurements or at a photon collider through the γγ → h0
process (see Fig. 22).
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Figure 22: Higgs boson decay widths in the SM-like
2HDM (II) relative to the SM decay widths as functions
of Mh. Left: h → γγ decay widths for a 2HDM scenario
with all tree-level couplings as in the SM up to an overall
sign for MH± = 800 GeV and µ/
√
2 = xMH± . Right:
h→ gg, for a 2HDM scenario with absolute values of tree
level couplings as in the SM but opposite relative sign be-
tween up-type and down-type fermions (from [77]).
NMSSM
The addition of a Higgs singlet field defines the Next-to-
minimal MSSM (NMSSM). This addition is theoretically
motivated mainly since it allows a naturally small µ param-
eter. If the associated Peccei-Quinn symmetry were unbro-
ken, it would lead to a massless CP odd Higgs boson which
is ruled out. The LC phenomenology of the model depends
on how strong this symmetry is broken. The Higgs spec-
trum of the NMSSM consists of three CP-even and two CP-
odd neutral Higgs bosons and two charged Higgs bosons.
The complete LC phenomenology has recently been re-
viewed in [78]. As an example, the masses of the neutral
and charged Higgs bosons and the coupling of the CP-even
Higgs bosons to the Z are shown in Fig. 23 as a function of
mA (defined as the top left parameter of the CP-odd Higgs
mixing matrix, see [78]). It can be seen that in a large por-
tion of the parameter space, all three CP-even Higgs bosons
would have significant couplings to the Z, thus significant
Higgs-strahlung cross-sections at the LC.
Higgs Bosons and Extra Dimensions
Models which postulate the existence of additional space
dimensions in order to explain the hierarchy between the
electro-weak and the Planck scale have been discussed ex-
tensively in recent years. Their common feature is that the
apparent weakness of gravity in our 4-dimensional world
is a result of its dilution in the extra dimensions. Two sce-
narios, that of large extra dimensions (ADD) [79] and that
of warped extra dimensions (RS) [80] have been discussed
in particular. The ’classic’ signatures involve deviations of
SM processes like e+e− → ff¯ and e+e− →W+W− from
the virtual exchange of towers of (ADD) [81] or single [82]
Kaluza-Klein (KK) excitations of gravitons, or their real
emission together with SM fermions or gauge bosons [83].
These modes have been studied experimentally e.g. in the
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Figure 23: NMSSM Higgs boson properties: masses (up-
per plot) and couplings of the CP even Higgs bosons to
the Z(lower plot) (from [78]) for a scenario with slightly
broken Peccei-Quinn symmetry (for λ = 0.05, κ = 0.02,
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TESLA TDR.
More recently, also the impact of extra dimensions on
the Higgs boson phenomenology has been studied. In the
ADD scenario, two effects have been analyzed:
1. A modification of the quasi-resonant W+W− → H0
production process through interference of the SM ampli-
tude with the imaginary part of the graviton/graviscalar KK
exchange amplitude [84]. In order to yield a significant
modification, a large total Higgs width is needed (i.e. large
mH), which implies on the other hand a large center-of-
mass energy. While the graviscalar contribution only mod-
ifies the normalization of the cross-section (by few percent
for
√
s = 1 TeV, mH = 500 GeV and 2 extra dimen-
sions at a fundamental Planck scale of 1 TeV), a signif-
icant change of the angular distribution is expected from
the spin-2 graviton exchange.
2. A modification of the process e+e− → H0H0Z and
the existence of the process e+e− → H0H0γ which is ab-
sent at tree level in the SM [85]. For a 1 TeV LC and mH =
120 GeV, a sizable correction to e+e− → H0H0Z both in
normalization and angular distribution is expected for fun-
damental Planck scale up to a few TeV. Furthermore, the
cross-section for e+e− → H0H0γ exceeds 0.1 fb for a fun-
damental Planck scale below approximately 2 TeV. In [85],
expected 5 σ discovery limits on the fundamental Planck
scale of 880–1560 (1640–2850) GeV have been derived at√
s = 500 (1000) GeV for 6–3 extra dimensions.
In the RS scenario, the influence on the Higgs sector
might be much more drastic. Besides the spin-2 KK gravi-
ton excitations, graviscalar excitations, called Radions, are
predicted [86]. They are predicted to couple to SM par-
ticles through the trace of the energy-momentum tensor,
i.e. up to the trace anomaly of QCD, very similar to the
Higgs boson. The lightest Radion might in fact be lighter
than the lightest graviton excitation and thus the discovery
channel for the model. Higgs boson and Radion may ex-
hibit kinetic mixing, which leads to a modification of both
Higgs boson and Radion properties, in particular their cou-
plings to gauge bosons and fermions. For a review of the
Radion phenomenology, see e.g. [87]. The Radion sector
is governed by 3 parameters: the strength of the Radion-
matter interactions described by an energy scale Λφ, the
mass of physical Radion, mφ, and the Radion-Higgs mix-
ing parameter ξ. In Fig. 24, the effective couplings squared
of the Higgs boson and the Radion (relative to those of a
SM Higgs boson) are shown for the choice Λφ = 5 TeV,
and three values of the Radion mass (20, 55, 200 GeV) as a
function of ξ. Large deviations of the Higgs couplings from
their SM values are expected if there is large Radion Higgs
mixing present. The Radion itself has couplings which are
reduced by a factor v/Λφ with respect to those of a SM
Higgs in the case of no mixing, which requires high lumi-
nosity for direct discovery. The sensitivity of the trilinear
Higgs coupling to Radion admixtures has been studied as
well in [87].
The LC capability of precisely measuring the Higgs
branching ratios H0 → bb¯ and H0 → W+W− has been
exploited in [88]. In Fig. 25, the regions where the LC
would observe larger than 2.5σ deviations of the Higgs
branching ratios due to Radion Higgs mixing is shown to-
gether with the regions where the LHC can observe the
Higgs bosons. In particular the regions in which the LHC
might be blind to the Higgs boson are well covered by
the LC. A study of the sensitivity of the WW-fusion chan-
nel to Radion effects has also been presented at the work-
shop [89].
RELATION TO THE LHC
A Higgs boson with SM-like properties will most likely
be discovered at the Large Hadron Collider LHC. In re-
cent years, the potential of the LHC to make measurements
of Higgs boson properties has been investigated. For a re-
cent summary of the ATLAS studies, see [90]. In most
cases the capabilities of a LC are superior to those of the
LHC as far as Higgs physics is concerned. In particular,
no model-independent measurements of Higgs boson cou-
plings are possible at the LHC. However, there are cases
where the synergy of both colliders is vital and rewarding.
Examples are in the determination of the top Yukawa cou-
pling, in the mass reach for heavy SUSY Higgs bosons, and
Figure 24: Effective coupling of the Higgs boson (upper)
and the Radion (lower) to Z boson (from [87]).
in LHC measurements on third generation squark proper-
ties in order to constrain the interpretation of a supersym-
metric Higgs sector. These examples are currently been
worked out in more detail in a world-wide LHC/LC study
group [91].
SUMMARY AND OUTLOOK
The precision study of Higgs bosons is at the core of the
physics program of a future linear collider. In the course of
the extended ECFA/DESY study 2001-2003 this physics
case has been developed further: the precision of theoreti-
cal calculations has been improved, the implication of new
theoretical models has been investigated and the experi-
mental studies of the LC sensitivity have been extended and
improved.
The studies are vital for the preparation of the worldwide
LC project and will be continued both in the three regions
America, Asia, and Europe and in worldwide workshops.
In Europe, the study will continue in the framework of a
new ECFA study. Major goals of this new study are to con-
tinue to incorporate new theoretical ideas and to improve
the precision of theoretical predictions. On the experimen-
tal side, a more detailed study of systematic limitations, im-
pact of machine conditions and in particular dependence of
Figure 25: Sensitivity to Radions at LHC and LC: param-
eter plane of the Radion Higgs mixing angle ξ and the
Radion mass Mφ for mH = 120 GeV. In the shaded re-
gions, the LHC can observe the Higgs boson in the gg →
H0 → γγ channel with 30 fb−1 in one experiment. The
dark (blue) lines indicate the regions where LHC can ob-
serve the Radion in the gg → Φ → 4ℓ channel. The grey
(red) lines indicate the regions where at the LC a > 2.5σ
deviation of the Higgs branching ratio BR(H0 → bb¯) is
observable. For more details see [88].
the precision on specific detector properties are of utmost
importance.
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